This work focuses on the debinding conditions of the ceramic materials fabricated by powder injection moulding. Ceramic powder materials, including alumina and alumina-based composites were prepared as feedstocks and mixed with water-soluble polyethylene glycol (PEG) and polyvinyl butyral (PVB). The PEG/PVB binder mixture,with PEG to PVB ratio of 85:15 by weight and powder loading of 44vol%, were thoroughly mixed and injected into the mould at the temperature of190 o C to obtain rod-like specimens. Prior to sintering, the as-injected specimen was then leached in water, the temperature of which was varyingfrom 30 (ambient temperature), 45 to 60 o C,in order to get rid of PEG and leave the specimens in shape by PVB. The rate of PEG removal according to different water temperatures was investigated. The experimental results suggested that PEG could completely be eliminated by 45 and 60 o Cwaterwithout any dimensional disintegration in 5 hours whereas those leached in 30 o C water showed only 70% PEG removal. Higher water temperatures led to fast PEG removal rate at the beginning and then gradually decreased with elapsed times.
Introduction
Powder injection moulding is a fabrication technique for particulate materials in order to get a large number of small, complex and near-net shape products. The fabrication route can be employed in metallic, ceramic and composite materials. To prepare a feedstock, powders were thoroughly mixed with a binding agent which can be easily softened as a paste-like material when heated and injected into a die cavity. The as-injected specimens must have sufficient strength to go to the next steps: debinding and sintering. Debinding is one of the most important steps that could be the ratelimiting step and govern the quality of the final products. As far as the binder materials are concerned, there are several species to be used and categorized by their debinding natures, i.e. thermal process and solvent extraction. Thermal process involves high temperatures that total binder elimination is expected through diffusion (low pressure), permeation (high pressure) or capillary flow mechanisms. Meanwhile, solvent extraction concerns the immersion of the powder compacts into a fluid that can wipe out the binder. The key for binder removal is to use multiple constituent binder system that debinding progressively undergoes over a number of steps, that is, to remove the first binder beforehand, followed by leaching the other that sustains the compact in shape once the first one has gone [1] . Thermal process always takes long time to evaporate the binder, the characteristics of the compact powder may be altered and binder burnout is sometimes harmful for health. Meanwhile, the rate of removal due to solvent extraction is enhanced by applied temperature and pressure, but it leaves residue solution to be treated. In fact, rapid, low energy consumption and environmentally-friendly debinding approaches are required. Therefore, watersoluble binder type is profoundly of interests.
Polyethylene glycol (PEG) is one of the most widely used in powder injection technique due to its solubility in water. PEG along with other binders in many powder systems has been studied and some key processing parameters according to the PEG-containing binders, e.g. binder mixture components, additives and dimension of the injected part, have been already monitored. For examples, PEG contentsin a PEG/polyvinyl butural (PVB)/stearic acid (SA) binder system promoted fluidity of the titanium alloy (Ti-6Al-4V) feedstock with 60 vol% powder loading. Moreover, viscosity of the feedstock decreased with PEG contents and showed shear thinning behaviour [1] . In a low pressure injection moulding of zircon feedstock [2] , the powder feedstock with cellulose acetate-PEG binder exhibited higher degree of water removal in 60 o C distilled water, provided better mechanical properties than those with low density polyethylene-PEG ones. PEG in PEG/polymethyl methacrylate(PMMA) mixed with 55vol% powder loading stainless steel 304L/tungsten carbide (WC) feedstock increased with leaching time and could be completely eliminated within around 12 hours [3] . At the same PEG content, a binder system of PEG/PMMA provided superior compatibility, homogeneity and flexural strength than those mixed with PEG/PVB [4] . High surface area to volume ratio also enhanced debinding rate [5] .
This work focused on the debinding condition of alumina-based feedstock with PEG/PVB binder mixtures. Two types of feedstockwere concerned: alumina and alumina/tungsten carbide composites. Binder removal steps consisted of solvent extraction using distilled water, followed by thermal debinding. Binder removal behaviours as a function of water temperatures including properties and microstructure of the injected samples in each step were reported and discussed.
Methodology
Alumina (Al 2 O 3 )and alumina/tungsten carbide (Al 2 O 3 /WC) composites, with a weight ratio of Al 2 O 3 : WC of 90:10, were prepared as feedstock. Alumina powder (A32, Nippon Light Metal Company Ltd, Japan) had a median diameter (D50) of 1 µm whereas D50 of the used tungsten carbide powder (WC, ATI Alldyne, USA) was 1.2 µm, analyzed by laser scattering technique. PEG and PVB were employed as a binder mixture,the weight ratio of PEG to PVB was 85:15. The powders with 44vol% powder loading were thoroughly blended with the PEG/PVB binder system. PEG of which the molecular weights varying from 1500, 2000, 4000 and 6000, designated as PEG1500, PEG2000, PEG4000 and PEG6000, respectively, were comparatively analyzed and mixed with PVB (average molecular weight is 80000). To prepare feedstock powder mixture was homogenously blended with PVB in ethanol beforehand, followed by blending with PEG. The feedstocks were injected at 190 o C into a steel die into bars with 5mm × 5mm ×55 mm by a plungertype laboratory-scale injection moulding machine. Before sintering, green specimens were debinded by the mean of solvent extraction using distilled water at various temperatures: 30, 45 and 60 o C, to get brown specimens. Then, they were dried at 110 o C overnight, then heatedto 400 o C to remove PVB and sintered at 1600 o C in air for Al 2 O 3 and in argon atmosphere for Al 2 O 3 /WC composites.Characteristic temperatures of the PEG binder were investigated by Differential Scanning Calorimetry (DSC, Mettler), scanning from 20-80 o C in a heat-cool-heat-cool-heat (HCHCH) manner [6] with the heating rate of 5 o C/min. The first heating was introduced in order to clear all thermal history of the PEG binder so the obtained value was neglected. Microstructure were observed using Scanning Electron Microscopy (SEM). Percentage of PEG removal was evaluated by a change in weight before leaching and after drying. Relative density (in the term of %theoretical density, TD) of the green and the brown specimens were also determined by liquid immersion technique. Flexural strength was measured by Universal testing machine (5882 Instron) while hardness was carried out by Vickers hardness tester (HV-50A, LaizhouHuayin).
Results and Discussion
Characteristic temperatures of the binder PEG1500 shown in Fig. 1 indicated that melting temperature of this PEG from second and third heat-up peaks values was approximately 41-43 o C, Meanwhile its crystallization temperature ranged from 13-14 o C. In fact, melting temperatures of PEG could alter depending on molecular weight, that is, they increased with higher molecular weight. Molecular weight itself was also governed the crystallinityof PEG, higher weight referred to higher crystallinity unless molecular weight went over 4000 [6] . This was confirmed by a comparison of melting and crystallization temperature of PEG with various weights exhibited in Table 1 . This temperature suggested that dissolution of PEG might be varied if extracted in different water conditions. For PVB, thermal analysis using DTA showed decomposition started around 100 o C and was all gone by 400 o C [7] . Therefore, it was reasonable to eliminate PVB by thermal debinding at 400 o C. To prepared binder system, melting nature of PEG1500 was close to 45 o C which fell between water temperatures ranges between 30 to 60 o C. Thus, PEG1500 was selected for further experiments. Percentages of PEG removal of the two specimens were similar: relatively fast at the beginning and then slow down with elapsed times. It was shown that the rate of binder removal depended on water temperatures. Water temperatures of 45 o C and 60 o C resulted in better water solubility of PEG than those leached in 30 o C water and completely were removed in 5 hours. This could be described by PEG1500's melting point as shown in Table 1 . According to its melting point, the 45 o C water was warm enough to melt and dissolved PEG into water. So, the 60 o C water should preferably melted PEG even better than 45 o C one. In contrast, PEG1500 was still stable in 30 o C water so that it took some time to undergo dissolution. The experimental results agreed with other research works [7] [8] [9] . As far as powder feedstock was concerned, PEG removal in Al 2 O 3 and Al 2 O 3 /WC specimens were
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Materials Science and Technology VIII almost exactly the same, showing that the type of powder mixture might not play a crucial role on solvent extraction at all temperatures, as seen in Table 2 . These two specimens also had the same powder loading (44 vol%) and the same particle size (approximately 1 µm). Therefore, a variation in PEG removal by water between the two powders, Al 2 O 3 and Al 2 O 3 /WC, was not very significant. Microstructure of the as-injected (green), as-leached (brown) and as-sintered parts made from Al 2 O 3 and Al 2 O 3 /WC composites are illustrated in Fig. 3 , respectively. After injection, powderbinder mixtures were blended to achieve uniformity. The binder was coated over the powder particles and connects the powder into shape. So the green specimens developed handle ability and could sustain their shape according to the PEG/PVB mixture. From the experiment, PEG/PVB mixture of the weight ratio 85:15 provided both formability and green strength when injected at 190 o C. After extraction bywater, the remained PVB could keep dimensional stability of the specimens until thermal debinding and sintering were accomplished. Micrographs of green specimens differed from the brown and the sintered specimens in the term of particle cover-up. Once being leached, most binder, PEG, was removed and the surfaces of powder particles were revealed. However, PVB still combined Al 2 O 3 and Al 2 O 3 -WC particles together although there were some pores left in the structure. From brown to sintered stage, powder surfaces even more unveiled and slightly coarsened. Relative density, pore content as well as mechanical strength was evaluated as shown in Table 3 . By injection moulding with PEG/PVB of 85:15, relative density values of Al 2 O 3 and Al 2 O 3 /WC composite were 67.9 and 71.9 %TD, respectively. Higher relative density of Al 2 O 3 /WC came from a combination of 90%wt Al 2 O 3 and 10%wt higher density species, tungsten carbide (WC). Al 2 O 3 /WC composite contained less pore fraction and harder compared to that of Al 2 O 3 because of WC particulates and the powder packing [7] [8] . The light spots evenly distributed in the as-sintered Al 2 O 3 /WC were WC particles. Mechanical strength continuously rose from green and brown to sintered specimens, respectively. In green and brown specimens, polymer acted as a lubricant during injection and was a binding agent that lightly held on powder particles altogether at ambient temperature. From Table 3 , the brown were stronger than the green ones; this could be implied that PVB fortified the injected parts than PEG and could effectively protect disintegration.
This assumption was confirmed by shape retention of the brown specimens after PEG was eliminated and specimens were oven-dried. Green bodies comprised higher amount of binder content, PEG and PVB, but after water leaching the brown specimens held only by PVB. Superior flexural strength of Al 2 O 3 /WC composite to Al 2 O 3 after sintering resulted from densification and reinforcement of WC in Al 2 O 3 matrix [7, 9] . 
Summary and Conclusions
Al 2 O 3 and Al 2 O 3 /WC composite specimens were fabricated by powder injection moulding technique using a mixture of polyethylene glycol (PEG) and polyvinyl butyral (PVB) as binders. Solvent extraction was carried out by distilled water in order to get rid of PEG prior to PVB elimination by thermal debinding. It is concluded that temperatures of water strongly influenced the rate of PEG removal. Warm water at the temperature above PEG melting point promoted faster PEG removal and could completely extract PEG within 5 hours, in turn; the remaining PVB could sustain dimensional stability of the leached parts. PEG removal rate of the injection moulded specimens did not vary signficantly when powder loading and particle size were relatively similar.
